Dams are a major contributor to the historic decline and current low abundance of diadromous fish. We developed a population viability analysis to assess demographic effects of dams on diadromous fish within a river system and demonstrated an application of the model with Atlantic salmon in the Penobscot River, Maine. We used abundance and distribution of wild-and hatchery-origin adult salmon throughout the watershed as performance metrics. Salmon abundance, distribution to upper reaches of the Penobscot watershed, and the number and proportion of wild-origin fish in the upper reaches of the Penobscot watershed increased when dams, particularly mainstem dams, were removed or passage efficiency was increased. Salmon abundance decreased as indirect latent mortality per dam was increased. Salmon abundance increased as marine or freshwater survival rates were increased, but the increase in abundance was larger when marine survival was increased than when freshwater survival was increased. Without hatchery supplementation, salmon abundance equalled zero with low marine and freshwater survival but increased when marine and freshwater survival rates were increased. Models, such as this one, that incorporate biological, environmental, and functional parameters can be used to predict ecological responses of fish populations and can help evaluate and prioritize management and restoration actions for diadromous fish.
Introduction
Diadromous fish populations in the North Atlantic once supported extensive subsistence, commercial, and recreational fisheries and served as an important nutrient source for wildlife in and around rivers and the ocean (Day, 2006; Walters et al., 2009) . Contemporary abundance levels of many of these populations are at or near historical lows Limburg and Waldman, 2009) , thereby limiting these important functions in many areas. Various factors have contributed to the declines in abundance of these species, including decreased marine survival, predation, habitat degradation, overfishing, bycatch, aquaculture, pollution, climate change, and installation of dams (NRC, 2004; Moring, 2005; Fay et al., 2006; Limburg and Waldman, 2009) .
The current status of these populations demonstrates the need for conservation and restoration, and actions have been taken to increase survival and abundance of diadromous fish. For example, in the marine environment, directed harvest has been prohibited and bycatch has been decreased for some species (Moring, 2005; NMFS and USFWS, 2005; Bowden, 2014; USOFR, 2014) . Decreased survival and climate change are also major issues for several diadromous fish (NRC, 2004; Fay et al., 2006; Limburg and Waldman, 2009 ), but human intervention may not be able to rapidly (i.e. one to two generations) mitigate these sources of decline (NRC, 2004) . The freshwater environment has mortality sources that will need to be addressed in the long term as well (e.g. climate change; NRC, 2004; Limburg and Waldman, 2009 ). Many anthropogenic sources of mortality in freshwater can be addressed in the short or medium term though, which is why more action has been taken to protect and restore diadromous fish in this environment. Changes in freshwater include restoration of spawning and nursery habitat, pollution abatement and remediation, dam removal, and improvement of fish passage (Baum, 1997; Moring, 2005; NMFS and USFWS, 2005; Trinko Lake et al., 2012; Hogg et al., 2013) .
Dams are a major source of mortality in the freshwater environment and have played a part in both the historic decline and current low abundance of diadromous fish (NRC, 2004; Moring, 2005; Limburg and Waldman, 2009; Brown et al., 2013) . Dams affect diadromous species through various mechanisms, such as preventing or impeding fish passage and degrading the productive capacity of habitats upstream by inundating formerly free-flowing rivers, reducing water quality, and altering fish communities (Ruggles, 1980; NRC, 2004; USOFR, 2009b; Pess et al., 2014) . They also kill and injure fish on both upstream and downstream migrations (USOFR, 2009b) . Mortality can be divided into two categories: direct and indirect. Direct mortality results from lethal injury during passage through turbines, over fishways, or through fish bypasses that leads to death during dam passage or immediately thereafter (Cada, 2001; Amaral et al., 2012) . Indirect mortality occurs through several mechanisms, such as increased predation risk in modified habitats, increased health risk due to sublethal injuries, and the additive effects of stress and injury associated with passing one or more dams (Cada, 2001; Budy et al., 2002; Amaral et al., 2012) . Indirect effects may be realized in freshwater (i.e. indirect cumulative mortality) or long after passage (i.e. indirect latent mortality occurring in the estuary or ocean; also known as delayed mortality and delayed hydrosystem mortality; Budy et al., 2002; Schaller and Petrosky, 2007; Haeseker et al., 2012) .
The effects of dams on diadromous fish can be mitigated in many ways. Options include installing or improving fish passage devises, modifying the water release (i.e. spill) or turbine shutdowns during peak migration periods, changing the structure of the dam to reduce injury and mortality, and dam removal (Hart et al., 2002) . Before choosing a management action, a structured analysis is needed to support the development of management goals and actions, prioritize restoration objectives, and give realistic and quantitative expectations of outcomes (Palmer et al., 2005; Kemp and O'Hanley, 2010; Nunn and Cowx, 2012) .
Population models are an example of structured analysis, and these models are important tools for evaluating management strategies and risks (Morris and Doak, 2002; McGowan and Ryan, 2009; McGowan and Ryan, 2010) . Quantitatively assessing the viability of a species, especially an endangered or threatened species, is a vital part of setting restoration goals and exploring management actions (NRC, 1995) . Population viability analysis (PVA) is one method to help accomplish these tasks.
PVAs can accommodate a wide array of life-history types and mortality sources. The capability to adjust to differences in life history is important when modelling diadromous fish because each species has a unique and often spatially and temporally variable pattern of reproduction. For example, American shad (Alosa sapidissima) are iteroparous in the northern portion of their range and semelparous in the southern portion of their range (Leggett and Carscadden, 1978) .
We developed a PVA using a life-history modelling approach to simulate the effects of various sources of mortality on a population of diadromous fish, with an emphasis on the effects of dams. We present a case study examining Atlantic salmon (Salmo salar) in the Penobscot River watershed, Maine (USA). These fish are part of the Atlantic salmon Gulf of Maine Distinct Population Segment (GOM DPS), which is listed as endangered under the US Endangered Species Act (USOFR, 2009b) . Marine survival and dams are considered the two biggest threats to this population (NRC, 2004; Fay et al., 2006) and are the primary drivers of abundance (USOFR, 2009b) . Marine survival cannot be reliably influenced by human intervention in the short term, except curtailing marine exploitation (NRC, 2004) . As such, management actions have focused on increasing freshwater survival of Atlantic salmon (Windsor et al., 2012) . The Penobscot River Restoration Project (PRRP; Day, 2006; Trinko Lake et al., 2012) is an example of this focus as the implementation of the project includes removing Great Works (2012) and Veazie (2013) dams and decommissioning and building a bypass around Howland Dam (expected completion in autumn of 2015). In addition to large-scale habitat improvements like the PRRP, the recovery programme for the GOM DPS of Atlantic salmon also includes increasing abundance through hatchery supplementation . We simulated the interactions of Atlantic salmon with 15 Federal Energy Regulatory Commission (FERC)-licenced hydroelectric dams in the system. Our objective was to estimate the relative change in Atlantic salmon abundance and distribution throughout the Penobscot River system due to varying levels of fish passage at these 15 hydroelectric dams. We also assessed the change in the abundance of this population under varying levels of indirect latent mortality, increased marine and freshwater survival rates, and no hatchery supplementation.
Methods

Model overview
We developed the Dam Impact Analysis (DIA) model to assess demographic effects of dams on diadromous fish within a watershed. Natural and dam-related mortality were incorporated into a multi-state PVA, and projections of juvenile mortality and adult abundance and distribution within the watershed were compared across different modelling scenarios to evaluate changes in the production potential of the population. The model includes hatchery stocking as well because abundance of some diadromous species has been supplemented with hatchery-origin fish. The model is not meant to predict absolute abundance but is rather intended to project relative change in abundance and distribution under different scenarios.
Numbers and locations of fish are tracked at multiple life stages. The model is initiated with adults at their spawning grounds, and the fecundity of those fish is used to estimate the number of eggs produced. A portion of the eggs survive to the juvenile stage. Juveniles then migrate and experience dam-related mortality. Some of the remaining juveniles survive to the adult stage. Adults attempt to migrate back to their spawning area and again experience dam-related mortality. Finally, the surviving adults arrive at their spawning grounds, completing the cycle.
The model is designed to incorporate dynamics for different anadromous or catadromous fish and different watersheds. Model inputs are parameterized using field data, literature reviews, and expert opinion. Adults are assigned to an initial location based on an underlying multinomial distribution based on available habitat. For all abundance calculations in subsequent life stages, numbers of fish are rounded, rather than binomially assigned, to maintain whole numbers of fish and to minimize computation time. Monte Carlo simulations are used to incorporate stochastic variation in the life processes (Goodman, 2002) . Year-and iterationspecific random draws are made from input distributions. Each cohort and its offspring are tracked for 50 years. This iteration length was used so results would not be sensitive to starting conditions and the time frame would still be of interest for management purposes. Each simulation comprises 5000 iterations conducted in Microsoftw Excelw with the @Riskw add-on.
Atlantic salmon in the Penobscot River: a case study
The base model described above is flexible, and we made modifications to adapt the model for Atlantic salmon in the Penobscot River, Maine. The Penobscot River watershed encompasses much of the east central portion of Maine and drains 22 000 km 2 (Figure 1 ). The Penobscot River is central to the Atlantic salmon recovery programme in Maine and on average has accounted for 74% of all US returns since 2000 (USASAC, 2014) . Even after the removal of Veazie and Great Works dams, hundreds of dams and thousands of road-stream crossings (i.e. culverts) remain as barriers to fish passage in the Penobscot watershed (Trinko Lake et al., 2012) .
We modelled the relative effects of 15 FERC-licenced hydroelectric dams in the watershed on Atlantic salmon. The dams are located within designated Atlantic salmon critical habitat (USOFR, 2009a) or within areas currently occupied by Atlantic salmon. Using these dams, we divided the Penobscot River into 15 sections, called production units (PUs; Figure 1 ). The upstream boundary of each PU was either the headwaters of a tributary or a dam. The downstream boundary was a dam, except in PU 14, where the downstream boundary was the marine environment. This scheme helped isolate the locations where salmon and dams interacted within the model.
To evaluate the effects of dams on various life stages, we divided the Atlantic salmon life cycle into five discrete stages (Figure 2 ). Female spawners (1) produced eggs (2). Eggs survived to the juvenile smolt stage (3) and initiated downstream migration to the ocean. Surviving smolts transitioned to the marine phase as post-smolts (4) and initiated marine migration, returning to the coast as mature adults after two winters at sea (referred to as two sea-winter or 2SW fish) (5). The 2SW adults migrated upstream to spawning grounds, completing the cycle. We used a simple age distribution for the smolt and adult life stages in our model based on known characteristics of this population. We modelled smolts as age-2 fish exclusively because the majority (80%) of naturally reared Maine Atlantic salmon emigrate as age-2 fish (NRC, 2004; USASAC, 2014 ; relatively small proportions are age-1 and age-3). We modelled adults as 2SW females exclusively because more than 90% of female returns to the Penobscot River are 2SW fish (Baum, 1997 ; Maine Department of Marine Resources fishway trap database, 2012 version) and because egg deposition is a primary limiting factor for this population . Kelts (i.e. potential repeat spawners) were not included in the model due to limited quantitative information for model inputs and the limited number of kelts currently present in the Penobscot population (USASAC, 2013). The 50-year iteration length equalled ten generations of Atlantic salmon. A complete description of the model and the development of all input values and distributions are provided in Nieland et al. (2013) .
Model inputs Spawning to pre-migration smolt abundance
We seeded the model with 587 2SW females, which was the mean number of 2SW female returns during 2002-2011 (Maine Department of Marine Resources fishway trap database, 2012 version). Adults were randomly assigned to PUs according to a multinomial distribution based on the Atlantic salmon habitat available in each PU (Table 1; Wright et al., 2008) . No adults were seeded in PUs 1, 7, 8, and 11 due to lack of upstream dam passage at the downstream boundaries. Hence, we set the production potential of these PUs to zero (Table 1) . We estimated the number of eggs produced per female with annual fecundity estimates from 1997 to 2010 (D. Buckley, pers. comm.). The fecundity data were primarily (greater than 98%) from 2SW females collected for broodstock and were best described by a normal distribution with mean m ¼ 8304 and standard deviation s ¼ 821.
We updated the egg-to-smolt survival distribution provided by Legault (2004) with contemporary studies (Aprahamian et al., 2004; Millard, 2005) . The overall egg-to-smolt survival rate was a lognormal distribution with m ¼ 1.31% defined on the interval (0.10, 5.88%). A PU-specific cap of 10 smolts per 100 m 2 was instituted on wild fish at the start of the smolt stage. This cap is greater than the commonly accepted production potential of three smolts per 100 m 2 in the Penobscot River (Meister, 1962) but was implemented to limit the number of smolts that could be produced as a result of the stochastic sampling. We simulated stocking 550 000 smolts annually to mimic the mean number and distribution of smolts stocked in the Penobscot River watershed during [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] (Table 1 ; J. Stevens, pers. comm.). Stocking location was assigned as the middle of the PU.
Downstream migration dynamics
Wild-and hatchery-origin smolts encountered natural in-river mortality, which was independent from dam-related mortality, as they migrated downstream. We developed an in-river mortality distribution from telemetry data collected in un-dammed sections of the Penobscot River during 2005/2006 (Holbrook et al., 2011 . Inriver mortality estimates ranged from 0.0 to 2.8% km 21 , and the data were used to create a cumulative frequency distribution. Year-and iteration-specific draws were made from the distribution, which meant the same mortality-per-km value was used for all PUs in a year. To avoid the unlikely scenarios of 34.6% of the iterations having 0.0% mortality km 21 or 1.9% of the iterations having 2.8% mortality km 21 , we developed a submodel to create a new in-river mortality distribution. The submodel contained 15 PUs as described above, did not include hydroelectric dam-related mortality, and was run with 10 000 iterations. PUand iteration-specific in-river mortality values were drawn from the cumulative in-river mortality distribution. A new in-river mortality-per-km estimate was calculated from the total number of smolts that died divided by the total distance smolts migrated. The resulting estimates were best described by a beta distribution with m ¼ 0.000203 and s ¼ 0.00004045 defined on the interval (0, 0.00038077). From this distribution, a single in-river mortalityper-km draw was made for each year and iteration and applied to all PUs.
Migrating smolts were also subjected to mortality from hydroelectric dams. To account for direct and indirect cumulative damrelated mortality, smolt survival rates for May were estimated based on river flow and how operations at the 15 FERC-regulated dams on the Penobscot River were predicted to change with flow (Amaral et al., 2012; Figure 3) . Survival was estimated for May because the majority of smolt migration occurs in that month. Smolt survival rates at low flow were a function of dam configuration and operation (e.g. whether fish passed over spillways, through bypasses, or through turbines and when individual turbines Assessing demographic effects of dams on diadromous fish Survival of smolts migrating past hydroelectric facilities is generally positively correlated with river flow, and flow within the Penobscot River watershed is highly correlated among sections of the watershed (correlation coefficient m ¼ 0.901 for mean AprilJune flow rates in the Penobscot River watershed during 1935-2009; http://waterdata.usgs.gov/nwis). For example, if one dam on the Penobscot River is experiencing high flows, and consequentially high smolt survival, all dams are likely experiencing similar flows and high smolt survival. To mimic the correlation of flow within the Penobscot watershed and determine subsequent smolt survival, independent year-and dam-specific uniform random variables defined on the interval (20.1695, 0.1695) were selected. A year-specific uniform random variable common to all dams defined on the interval (0, 1) was then added to each year-and damspecific random variable to determine the cumulative flow probabilities and approximate the same level of correlation as the Penobscot River flow time-series data. Dams located less than 15 km apart used the same cumulative flow probability because no difference in flow is expected given the short distance between these dams. The Assessing demographic effects of dams on diadromous fish cumulative flow probabilities were used to find the corresponding smolt survival rates for each dam, year, and iteration ( Figure 3 ). The smolt survival at Upper Dover Dam did not follow the process above and was set at 92.15% (i.e. the product of 97% spillway and 95% indirect cumulative survival) because no turbine entrainment occurs at this dam and no downstream bypass is available. A unique feature of the Penobscot River is the Stillwater Branch, a 17-km long side channel of the lower river ( Figure 1 Therefore, Stillwater Branch use was correlated with river flow in the same manner as the smolt survival estimates. The cumulative flow probabilities were used to find the corresponding Stillwater use rate for each year and iteration.
Post-smolt abundance
We considered the estimated number of smolts that successfully transited PU 14 to be the number of post-smolts entering the marine environment. Indirect latent mortality occurs in the post-smolt life stage and must be accounted for. Discounts for hatchery-origin fish and sex ratio were also applied during this life stage.
Indirect latent mortality is an additional dam-related mortality that occurs in the early marine phase of the salmon's life history and is due to passing over one or multiple dams (Budy et al., 2002; Schaller and Petrosky, 2007; Haeseker et al., 2012) . We applied an indirect latent mortality rate of 5% per dam to fish that survived to the marine environment based on the number of dams that the fish passed. This mortality rate is within the range of estimates for indirect latent mortality developed from individual studies on Chinook salmon in the Snake River and lower Columbia River basins (Deriso et al., 1996; Schaller and Petrosky, 2007) and is similar to an estimate developed for Atlantic salmon in the Penobscot River (Stich et al., 2015) .
Hatchery-origin smolts typically experience lower survival than wild-origin smolts, and so a discount factor was developed to adjust the number of hatchery-origin smolts to wild equivalents before entering the ocean. Wild survival rates are 1.18 -8.20 times greater than hatchery survival rates (Jonsson et al., 1991 (Jonsson et al., , 2003 Crozier and Kennedy, 1993; Jonsson and Fleming, 1993; Jutila et al., 2003; Kallio-Nyberg et al., 2004 Saloniemi et al., 2004; Jokikokko et al., 2006; Peyronnet et al., 2008) . We fit estimates from these studies to a log logistic distribution, with g ¼ 1, b ¼ 1.4271, a ¼ 1.9922, and maximum ¼ 12. The mean from this distribution was 3.25, which suggested that approximately three hatchery-origin fish were equivalent to one wild-origin fish.
The remaining number of post-smolts was halved to convert the number to female post-smolts, thus assuming an equal male-tofemale ratio at this life stage. Female post-smolts were needed to estimate the number of adult female returns.
Marine survival
A marine survival distribution was applied to the number of female post-smolts to estimate the number of 2SW female returns that would successfully migrate to Greenland and back 2 years later. Penobscot River marine survival estimates are available for hatchery smolts from 1969 to the present. However, these estimates incorporate in-river and dam-related mortalities. We built a submodel to estimate a more accurate 2SW female marine survival distribution.
In the submodel, we first had to estimate the number of female smolts at the mouth of the Penobscot River (i.e. exiting PU 14). The total annual number of smolts stocked (USASAC, 2013) was halved to approximate the number of stocked female smolts then multiplied by the proportion of smolts that survived to the river mouth to adjust for in-river mortality. We estimated smolt survival to the mouth of the Penobscot using hatchery-and wild-origin smolt survival data from telemetry studies in the Penobscot River during (Holbrook et al., 2011 . We fit the survival estimates to a beta distribution with m ¼ 0.6921 and s ¼ 0.1738 defined on the interval (0, 1). Year-specific values were sampled from this distribution to estimate the number of female smolts that would survive from stocking to the Penobscot River mouth.
We then calculated year-specific 2SW female marine survival rates by dividing the estimated annual number of 2SW females returns (Maine Department of Marine Resources fishway trap database, 2012 version) by the estimated number of stocked female smolts at the mouth of the Penobscot River. In all, 10 000 iterations were run, where the number of female smolts that would survive from stocking to the river mouth was a stochastic process (as described above). We capped the maximum marine survival rate at 25%. The resulting estimated 2SW female survival time-series was best described by an inverse Gaussian distribution with m ¼ 0.00627 and s ¼ 0.00598 defined on the interval (0.000008134, 0.25). Year-and iteration-specific values were sampled from this distribution for the modelled marine survival rate. As this marine survival time-series was developed using hatchery-origin smolts, we believed that the lower survival rate of these smolts would already be incorporated into the marine survival distribution. Therefore, the hatchery discount was set to 1 (i.e. no hatchery discount) for all model runs, so hatchery-origin smolts would not be penalized twice. The 2SW females that survive the marine phase then initiate upstream migration to natal spawning grounds.
Upstream migration dynamics
Because Maine Atlantic salmon return to their natal river to spawn with high fidelity (98-99%; Baum, 1997) , our model used 100% homing to the Penobscot River. However, less is known about within-river migration behaviour, but homing to a specific river reach is likely less than 100%. We incorporated within-river straying of 2SW females by assigning a target PU based on estimated straying rates (Table 2) . Within-river straying rates were determined from field studies conducted within the Penobscot (Power and McCleave, 1980; Shepard, 1995; Gorsky, 2005; Gorsky et 0958. These data were available from field studies (Holbrook et al., 2009 ), and we used them to generate a cumulative frequency distribution for each of the three dams. Year-and iteration-specific values were randomly drawn from these cumulative distributions for upstream dam passage rates at these three dams. Medway, Milo, Sebec, and Orono do not have any upstream passage facilities, so upstream passage was set to zero, meaning adults were not able to migrate into PU 1, 7, 8, or 11, respectively. For the eight remaining dams (i.e. Mattaceunk, West Enfield, Upper Dover, Brown's Mills, Howland, Lowell Tannery, Stillwater, and Frankfort), we adopted generalized estimates used in previous modelling efforts (USFWS, 1988) because dam-specific estimates were unavailable. We developed a uniform distribution defined on the interval (0.8875, 0.9525) and sampled year-and iteration-specific values from the distribution for each of the eight remaining dams. When adults were unable to pass a dam, they died, returned to the ocean without spawning, or strayed and spawned in a downstream PU according to probabilities determined by an expert panel (Table 3; NMFS, 2012) .
To simulate the annual collection of broodstock, we removed 150 2SW females from the system after passing Veazie Dam. Adult returns to PUs 13 and 14 are below Veazie Dam and, therefore, were unaffected. The number of fish removed from other PUs was based on the relative fraction of fish available in each PU. No in-river mortality was applied to migrating adults because freshwater mortality in free-flowing stretches of river was assumed to be low as no freshwater exploitation occurs.
Model scenarios
We ran six model scenarios to evaluate the effects of dams and dam location (Table 4 ). In the first scenario, survival distributions were applied to smolts migrating downstream past all dams, and passage distributions were applied to adults migrating upstream Assessing demographic effects of dams on diadromous fish The natal PU identifies where a fish was reared, and the final destination PU identifies where a fish attempted to migrate as a prespawning adult. Homing rates are bolded and listed in the diagonal row. A zero indicates no straying from the natal PU into the final destination PU. Unsuccessful fish died, returned to the ocean without spawning, or remained downstream and spawned in a different PU. Atlantic salmon that remained downstream were redirected to a downstream PU according to the proportions detailed under the destination PU. A zero in the destination PU indicates no fish were redirected to those PUs. past all dams (all on). All smolts and adults successfully passed dams (i.e. 100% passage efficiency) in the second scenario (all off). The next two scenarios divided dams into two categories: those located on the mainstem of the Penobscot River and those located on tributaries. In the third scenario, survival and passage distributions were applied to fish migrating past dams on the mainstem of the Penobscot River, but all fish successfully passed dams on tributaries (main on, tribs off). In the fourth scenario, all fish successfully passed dams on the mainstem, but survival and passage distributions were applied to fish migrating past dams on tributaries (main off, tribs on). We ran a fifth scenario (PRRP) that replicated river conditions after the completion of the Penobscot River Restoration Project. We assumed all smolts and adults would successfully pass Great Works, Veazie, and Howland dams in this scenario, but survival and passage distributions were applied to fish migrating past all other dams in the system. We ran a sixth scenario that added the Species Protection Plan (SPP; NMFS, 2012) criteria onto the PRRP scenario. The SPP prescribes criteria of 96% downstream passage efficiency at West Enfield, Milford, Stillwater, and Orono dams and 95% upstream passage efficiency at West Enfield and Milford dams according to the issued FERC licences. We ran all six scenarios with Medway Dam turned on because this dam lacks both upstream and downstream passage. We ran additional modelling scenarios to examine the recovery potential of Atlantic salmon under varying indirect latent mortality rates and increased marine and freshwater survival rates. These three model inputs were tested separately by changing one while holding the other two at their base rates. These scenarios were run with PRRP dam conditions because the current status of dams in the Penobscot River most closely reflects these conditions. A broad range of indirect latent mortality rates (0-70% per dam passed) were tested, and marine and freshwater survival rates were increased by multiplying the random draws from the base distribution by a factor of 1 -4. Because the base marine and freshwater survival rates were not equal (i.e. m ¼ 0.00627 and 0.0131, respectively), the same proportional changes to those rates do not imply the same absolute effect on abundance.
We also ran six model scenarios to evaluate the viability of the population without hatchery supplementation. In these scenarios, no smolts were stocked and no adult females were removed for broodstock. The scenarios contained varying numbers of dams (i.e. all on, all off, and SPP) and were first run using the base marine and freshwater survival distributions. These same scenarios were then run using increased marine and freshwater survival distributions to look at the recovery potential of the population. In the three scenarios with increased survival, marine rates were increased by a factor of 4, and freshwater rates were increased by a factor of 2.
Performance metrics
We reported performance metrics for adult (i.e. 2SW female) abundance and distribution throughout the Penobscot River watershed. Results were given for generation ten to give the model time to stabilize, ensuring that the results were not a product of the initial conditions. In the six dam-related scenarios, the mean, median, 90% probability interval, and coefficient of variation (CV) of total adult abundance were calculated across all PUs. Distribution of adults was separated into three areas of the Penobscot River watershed: the Upper Penobscot (i.e. above West Enfield Dam, PUs 1 -3), the Piscataquis (i.e. the Piscataquis River watershed, PUs 4 -8), and the Lower Penobscot (i.e. below West Enfield Dam, PUs 9 -15; Figure 1 ). Distribution was assessed by estimating the median proportion and number of adults in each of the three areas of the watershed. We specified the adults in these three areas further as wild-or hatchery-origin fish. In the scenarios with varying indirect latent mortality and marine and freshwater survival rates, median abundance was calculated across all PUs. In the six scenarios without hatchery supplementation, we calculated the mean, median, and 90% probability interval of total adult abundance across all PUs. All performance metrics were calculated across all iterations.
Results
The number of dams affected adult Atlantic salmon abundance, distribution, and the proportion and the number of wild-and hatchery-origin fish, but dam location also affected these metrics. Adult abundance and distribution to upper areas of the Penobscot River watershed increased when fewer dams, particularly mainstem dams, were in the watershed or passage efficiency at these dams was increased. The proportion and the number of wild-origin adults in upper areas of the watershed also increased with fewer mainstem dams and increased passage efficiency.
The median adult abundance in generation ten was lowest in the all on scenario, was highest in the all off scenario, and increased as the number of mainstem dams decreased (Figure 4) . Compared with the all on scenario, abundance was 2.2 times greater in the all off scenario, 1.1 times greater in the main on, tribs off scenario, 1.7 times greater in the PRRP scenario, and 1.9 times greater in both the main off, tribs on, and SPP scenarios. The 90% probability interval was narrowest in the all on scenario, became wider as mainstem dams were turned off or passage efficiency increased, and was widest in the all off scenario. The CVs for all scenarios were similar, ranging from 109 to 116%.
The greatest proportion of adults in generation ten was located in the Lower Penobscot area in every scenario, but the distribution of adults to the Piscataquis and Upper Penobscot areas increased with decreasing numbers of mainstem dams ( Figure 5 ). In the two scenarios with the most mainstem dams turned on, the majority of adults were distributed in the Lower Penobscot area (0.87 in the all on scenario and 0.85 in the main on, tribs off scenario) with small proportions of adults located in the Piscataquis (0.09 in the all on scenario and 0.11 in the main on, tribs off scenario) and Upper Penobscot Assessing demographic effects of dams on diadromous fish areas (0.04 in both scenarios). Adults were distributed more evenly among the three areas in the other four scenarios (ranged from 0.43 to 0.52 in the Lower Penobscot, 0.32 to 0.39 in the Piscataquis, and 0.13 to 0.20 in the Upper Penobscot). Results for adult distribution by abundance followed the same patterns and, therefore, are not presented.
The median proportion of wild-origin adults in generation ten increased in the Piscataquis and Upper Penobscot areas as the number of mainstem dams decreased ( Figure 5 ). The proportion of wild-origin adults in the Lower Penobscot was similar in all scenarios (ranged from 0.15 to 0.17). The proportions of wild-origin adults in the Piscataquis and Upper Penobscot areas were lowest in the all on and main on, tribs off scenarios (0.05 or less) and increased in the other four scenarios, with the highest proportions occurring in the all off scenario (0.20 in the Piscataquis and 0.18 in the Upper Penobscot). In the all off scenario, the proportions of wild-origin adults were approximately equal in all three areas (ranged from 0.16 to 0.20). Numbers of wild-origin adults were distributed similarly to the proportions, with abundance increasing in upper areas of the watershed to the point that the number of wild adults was higher in the Piscataquis area than in the Lower Penobscot area in the all off scenario.
The median adult abundance decreased as indirect latent mortality per dam increased (Figure 6 ). Adult abundance in generation ten declined approximately linearly as the indirect latent mortality rate increased from 0 to 70% per dam. Adult abundance decreased by 49% when indirect latent mortality increased from 0 to 35% per dam and decreased by 78% when indirect latent mortality increased from 0 to 70% per dam. Conversely, adult abundance increased by 8% when indirect latent mortality decreased from the base rate of 5 -1% per dam.
The median adult abundance in generation ten increased as marine and freshwater survival rates were increased from one to four times the base rates but the increase was greater when marine survival was increased than when freshwater survival was increased (Figure 7) . Abundance was 2.1 times greater when marine survival was increased by two times the base rate than when freshwater survival was increased by two times the base rate, and abundance was 4.3 times greater when marine survival was increased by four times the base rate than when freshwater survival was increased by four times the base rate. Adult abundance with a marine survival increase of 1.2 times the base rate or a freshwater survival increase of 2.1 times the base rate was comparable with adult abundance in the all off scenario.
Without hatchery supplementation, adult abundance equalled zero with base marine and freshwater survival rates but increased when marine and freshwater survival rates were increased (Figure 8 ). In the scenarios with increased survival, the median adult abundance in generation ten was highest in the all off scenario and lowest in the all on scenario. Compared with the all on scenario, abundance increased by 6.6 times in the all off scenario and 2.7 times in the SPP scenario. The median adult abundance was greater in scenarios with no hatchery supplementation and increased marine and freshwater survival than in scenarios with hatchery supplementation and base marine and freshwater survival distributions.
Discussion
Adult Atlantic salmon abundance and distribution to upper areas of the Penobscot River watershed, including distribution of wild- origin fish, increased as the number of hydroelectric dams decreased. These findings are consistent with field studies and literature reviews that underscore the detrimental effects of dams to populations of Atlantic salmon (MacCrimmon and Gots, 1979; Moffitt et al., 1982; NRC, 2004) and other diadromous fish (Raymond, 1979; Moffitt et al., 1982; Moring, 2005; Limburg and Waldman, 2009 ). Because dams cause both direct and indirect mortality (Budy et al., 2002; Limburg and Waldman, 2009; USOFR, 2009b) , dam removal would result in fewer fish being killed and wider distribution of fish throughout the watershed (NMFS, 2012) . Our model includes mortality of juveniles during downstream migration and adults during upstream migration, but we did not incorporate migration dynamics of post-spawning adults due to limited information. Dam removal has the potential to increase survival of migrating post-spawning adults as well, and so the number of repeat spawners with higher fecundities (Baum, 1997) could increase. Dam removal can also restore access to historical spawning and nursery habitat (Hall et al., 2011; Trinko Lake et al., 2012) , and thus, lead to recolonization of this habitat by sea-run fish (Hogg et al., 2013) .
Our results emphasize the importance of habitat juxtaposition (the relative location of discrete habitat types; Leopold, 1986; Kocik and Ferreri, 1998) in comparing the relative effects of dams on individual populations of diadromous fish. Adult abundance and distribution to upper reaches of the watershed increased when dams were removed, but the increase was greater when mainstem hydroelectric dams were removed compared with when hydroelectric dams on tributaries were removed. These results imply that dams on the mainstem of the Penobscot River are more detrimental to Atlantic salmon than dams on the tributaries. Mainstem dams might be more detrimental because most Atlantic salmon must attempt to pass dams on the mainstem to reach the ocean or their natal spawning grounds, whereas fewer Atlantic salmon migrate through and encounter dams in the tributaries. In our case study, the majority of adults were located in the Lower Penobscot area when all mainstem dams were present, meaning the majority of the population occupied an area that encompasses less than 17% of the historical Atlantic salmon habitat (Wright et al., 2008) . In addition, this habitat in the lower watershed is thought to be less productive for juvenile salmon than headwater areas (NMFS, 2009) . Access to higher quality spawning and nursery habitat could lead to shorter population recovery time and decreased probability of extirpation (Kocik and Ferreri, 1998) . The results for mainstem and tributary dams could be somewhat case-specific though because hatchery smolts were stocked in locations either directly on the mainstem or immediately next to the mainstem (USASAC, 2013) and passage and mortality rates differ from dam to dam (Holbrook et al., 2011; Stich et al., 2014) . Although hatchery supplementation and passage and mortality rates can have a large effect on the population, juxtaposition still plays an important role in the watershed. For example, smolt survival was high at the two lowermost mainstem dams in the Penobscot River (Veazie and Great Works; Stich et al., 2014) , but our results for the PRRP scenario illustrate that these dams substantially reduced Atlantic salmon productivity. Because these dams are located on the mainstem near the mouth of the Penobscot River, their effects on Atlantic salmon could have been greater than most other dams in the watershed (Jager et al., 2015) .
Tributary dams may be less detrimental to diadromous species, but the "best" locations for dams within tributaries (e.g. clustered or dispersed, distance between dams) has not yet been determined (Jager et al., 2015) . Tributary dams can be critical to diadromous fish populations because good spawning and nursery habitat can also lie beyond these dams. For example, diadromous fish must pass Howland Dam to access the Piscataquis River (PUs 4 -6; Figure 1 ), a tributary to the Penobscot River that contains above average Atlantic salmon spawning and nursery habitat (NMFS, 2009) .
Mainstem dams in upper reaches of the watershed may be important to the population as well. For example, the West Branch of the Penobscot River (PU 1; Figure 1 ) contains a significant portion of high value (and historically accessible) Atlantic salmon habitat (26.6%; Table 1 ; Wright et al., 2008) , but no anadromous Atlantic salmon are able to access this area of the river due to Medway Dam. This dam marks the lower boundary of the West Branch and has no formal upstream or downstream passage facilities other than a simple ramp for upstream passage of American eel (Anguilla rostrata). The West Branch has the potential to contribute significantly to future recovery efforts if fish are able to migrate into and out of this area.
Many types of habitat are essential to diadromous species but are currently inaccessible due to insufficient fish passage. Improvements in fish passage should play an important role in restoration to ensure that diadromous fish can return to spawning locations in the upper portions of the watershed, including tributaries, and that a range of life-history variants can persist throughout the watershed (Schindler et al., 2010) . The juxtaposition of habitat types within the Penobscot watershed highlights the need for quantitative habitat assessment. This assessment would be a valuable tool for estimating the production potential of Atlantic salmon and other diadromous species in areas of the watershed, exploring spatial variation of survival, and evaluating and prioritizing recovery strategies.
Although current overall annual return rates are low (USASAC, 2013), our simulations indicate that adult Atlantic salmon abundance and distribution to upper areas of the Penobscot River Figure 8 . Mean (dot), median (centre line), 25th and 75th percentiles (box), and 5th and 95th percentiles (whiskers) of 2SW female Atlantic salmon abundance in generation ten and number of 2SW females used to seed the model (horizontal dashed line) for model scenarios with no hatchery supplementation, marine survival increased by a factor of four, and freshwater survival increased by a factor of two.
Assessing demographic effects of dams on diadromous fish watershed have the potential to increase as passage efficiency increases through implementation of the PRRP and SPP. More specifically, our results show that the PRRP and SPP could result in an increase in adult abundance similar to what would occur if all mainstem dams were removed. Dam removal and bypass (i.e. the PRRP) had a large effect on salmon abundance and distribution to upper reaches of the watershed, but improved passage efficiency (i.e. the SPP) also contributed to increases in abundance and distribution and should be considered a useful management tool in achieving restoration goals. These findings assume that performance standards are immediately and consistently achieved and that survival at the Howland Dam bypass is 100%. Conversely, this scenario also assumes that the prescribed passage efficiency rates will not be exceeded. Therefore, accurate measures of these rates remain an important priority as restoration proceeds.
Our results underscore the potential importance of indirect latent mortality. This type of mortality is not acknowledged in many management and restoration studies for diadromous fish because (1) indirect latent mortality is not captured in dam passage studies that only estimate mortality within a river system and do not include mortality in the early marine environment and (2) the value of this mortality rate is unknown. Several studies (Budy et al., 2002; Schaller and Petrosky, 2007; Rechisky et al., 2013; Schaller et al., 2014) have estimated a system-wide indirect latent mortality rate with a wide range of results: 0% (Rechisky et al., 2013) to 76% (Schaller et al., 2014) . Stich et al. (2015) took a different approach and estimated indirect latent mortality rates per dam: 6-7%. Dams might not affect fish equally, and so the indirect latent mortality rate could be higher at some dams and lower at others. Our model is flexible enough to be adapted to include individual indirect latent mortality rates for each hydroelectric dam. This kind of mortality has the potential to cause a major change in fish productivity and may influence perceptions of the relative importance of marine survival if not appropriately considered. A similar mortality may occur after adults attempt to pass multiple dams during their upstream migration. The value of this mortality during upstream migration is also unknown but should be considered further if the model is used for another diadromous species.
Our results further highlight the importance of marine survival regimes in Atlantic salmon demography. The marine phase is the critical period driving North American Atlantic salmon productivity (Chaput, 2012; Mills et al., 2013) , and survival during this phase is much more variable than survival during the freshwater phase (Reddin, 1988) . Furthermore, the abrupt decline in the productivity of North American Atlantic salmon was likely caused by factors that negatively impacted marine survival in the early 1990s (Chaput et al., 2005) . Hence, marine survival has a large effect on the productivity of Atlantic salmon.
Marine survival and dams are both major factors in the productivity of US Atlantic salmon (NRC, 2004; Fay et al., 2006; USOFR, 2009b) . Ideally, we would like to know the impacts of each of these factors separately, but their effects are difficult to disentangle. For example, estimating indirect latent mortality is complex because the effects of dams on out-migrating smolts may not be realized until the fish are in the early part of their marine phase. If we were able to decouple mortality in this phase into mortality from dams and mortality from the marine environment, we could more accurately estimate mortality rates for each of these sources. However, even if we were able to decouple the various sources of mortality, identifying the causes of and mitigating for marine mortality would be difficult (NRC, 2004) . Since the productivity of diadromous species is due to a combination of freshwater and marine survival, an increase in freshwater survival will minimize the required increase in marine survival needed to improve productivity and will move the population towards recovery. As such, decreases in freshwater-related mortality and increases in marine survival will both be necessary to restore Atlantic salmon populations. Management options for increasing marine survival remain elusive, so restoration efforts should focus on achieving a self-sustaining population through improvements in the freshwater environment. Reducing dam-related mortality appears to be a good first step toward increasing survival in freshwater life stages.
Hatchery supplementation is likely sustaining the Atlantic salmon population in the Penobscot River watershed. Hatcheryorigin fish accounted for the majority of adults recruiting to the spawning stock in the GOM DPS during 1980 -2004 , and Legault (2005) found that hatchery supplementation was required to get populations in the GOM DPS through periods of low marine survival. However, if survival rates increase, Atlantic salmon productivity could increase to the point that longterm hatchery supplementation may not be necessary to sustain the population (Legault, 2005) .
Although we developed model inputs using the best field data, literature reviews, and expert opinion available, we had to make some assumptions. For example, empirical estimates of mortality for each dam were not available. As an alternative, estimates were derived from site-specific dam data, fish characteristics, and hydrological records for each of the 15 hydroelectric dams in the Penobscot River watershed (Amaral et al., 2012) . Comprehensive field studies of Atlantic salmon smolt survival over a range of natural conditions would have been preferable for all dam model inputs. Available field data generally matched the estimates derived by Amaral et al. (2012) , which helps validate these estimates. In the PRRP and SPP scenarios, smolt and adult survival were set to 100% at the Howland Dam bypass. This assumption was likely overly optimistic and some direct or indirect mortality may still occur given the likely existence of remnant structures. Field studies should be conducted to estimate smolt and adult survival rates once the Howland Dam bypass is installed. In spite of our assumptions, adult abundance when all 15 dams were turned on was similar to the initial adult abundance used to seed the model. Our results in this scenario likely reflect our starting value because the empirical data used to estimate model starting conditions and input distributions were collected when all 15 dams were present and operating in the system. Our model does not address all potential impacts of dams on diadromous fish. Some effects that were not addressed include inundating otherwise free-flowing riverine habitat; reducing water quality; altering sediment transport regimes; and altering fish communities leading to altered nutrient transport regimes, reduced foraging opportunities, and altered community interactions . Furthermore, community interactions among the native suite of diadromous fish may have positive demographic effects on Atlantic salmon that are not captured in our modelling efforts. Only recently has the potential importance of these types of interactions been considered in terms of the current demographic status of Atlantic salmon in the USA (Goode, 2006; Saunders et al., 2006; USOFR, 2009b) . Although some progress has recently been made in terms of testing these hypotheses (Guyette et al., 2013) , insufficient information is currently available to model these interactions as they relate to salmon demography.
Many of the species thought to provide demographic benefits to Atlantic salmon are also at or near all-time lows in abundance (Limburg and Waldman, 2009) , and dams have similar demographic effects on these species (Brown et al., 2013) . For American shad, Haro and Castro-Santos (2012) lament the lack of attention that downstream passage (for both adults and juveniles) receives. This lack of attention is surprising considering the extent of iteroparity (Leggett and Carscadden, 1978) and the potential for serial spawning (Maltais et al., 2010) , particularly in northern populations of American shad. These phenomena suggest that poor downstream survival of adults (Leggett et al., 2004) as well as juveniles (Harris and Hightower, 2012 ) may negate otherwise effective restoration actions. We suggest that our model can be used to refine restoration expectations and weigh management options for some of these very challenging issues for not only Atlantic salmon in other parts of its range but also for other diadromous fish facing similar challenges.
The DIA model is a useful tool for simulating a diadromous fish population and evaluating the effects of management and recovery actions on the population. In this study, we used the model to examine changes in Atlantic salmon abundance and distribution in the Penobscot River watershed due to dam removal, increased passage efficiency, increased marine and freshwater survival, various indirect latent mortality rates, and hatchery supplementation. Our model has supported management by quantitatively evaluating management options for the Black Bear Hydro SPP in the Penobscot River watershed (NMFS, 2012) , which resulted in the implementation of the SPP scenario.
Our results comparing dam removal and increases in marine and freshwater survival rates should be considered when prioritizing management and restoration strategies and activities. We compared the effects of these actions and survival rates on the Atlantic salmon population to determine their relative contributions to the productivity of the species. These actions should be evaluated and prioritized before they are implemented because the outcome of the actions can be uncertain and these actions can also be costly (Budy and Schaller, 2007; Kemp and O'Hanley, 2010; Nunn and Cowx, 2012) . Models, such as this one, that incorporate biological, environmental, and functional parameters and provide quantitative performance standards supply valuable information for increasing survival and abundance of depleted populations.
